INTRODUCTION
Staphylococci belong to the most common and most dangerous factors responsible for bovine mastitis. Infections caused by the bacteria belonging to this genus are especially diffi cult to treat, mainly due to evolved mechanisms of resistance to antimicrobial drugs. High level of antibiotic resistance of staphylococci recovered from mastitis is well documented worldwide, including several reports from Poland [1] [2] [3] [4] [5] [6] . Because of rapidly growing number of isolates of staphylococci resistant to a plethora of antibiotics currently in use for human and animal therapies, there is an urgent need for investigation and development of new alternative therapeutics. Many authors from different world regions have recently shown that natural products of different origins exhibit a strong potential to control and treat infections caused by this group of bacteria. The promising natural products and substances that exhibit antistaphylococcal (including MRSA isolates) activity include: compounds of bacterial origin e.g. bacteriocins [7] and peptidoglycan hydrolases [6, 8] , bacteriophages [9, 10] , compounds of animal origin e.g. renelaxin [11] , and fi nally compounds of plant origin: fl avonoids -heterocyclic compound of plant pigments, plant extracts, essential oils [12] [13] [14] but also honey and propolis (which by some authors are classifi ed as products of animal origin, however both these products are collected by bees from plant sources) [15] [16] [17] . The issue of alternative therapies for diseases of staphylococcal etiology has been recently widely discussed by Kurlenda and Grinholc [18] . The compounds isolated from plant origin, especially essential oils, seem to be the most promising considering their application for both prevention and treatment of staphylococcal infections [16] . Essential oils are aromatic and volatile liquids extracted from different parts of plants e.g. leaves, roots, buds or barks. They are secondary products of plant metabolism used as a defense mechanism against plants pathogens [19] . Thus they are considered as substances with strong antimicrobial potential. Some of them are produced constantly, while others are produced as an answer to microbial infection or tissue injury (to protect against microbial entrance). In consideration of EOs' potential application in medicine we share the opinion presented by Kurlenda and Grinholc [18] , that the majority of natural products, including essential oils, display properties that make them potential candidates for topical rather than systemic drugs, e.g. as components of bioactive wound dressing materials, ointments and gels.
The aim of our study was to examine the antimicrobial activity of a large group (n=36) of essential oils from different botanical sources against S. aureus isolates recovered from clinical cases of bovine mastitis. The carried out research revealed that some oils seem to be promising candidates for alternative antistaphylococcal agents, yet further studies, e.g. cytotoxicity tests are required.
MATERIALS AND METHODS

Strains, media and oils
The preliminary investigation on the antimicrobial activity of essential oils was carried out against four, commercially available, reference strains of bacteria: S. aureus PCM 2051, S. epidermidis PCM 2118, Pseudomonas aeruginosa ATCC 27853, Escherichia coli K12. For research purposes we used a set of 36 commercially available essential oils (purchased from Pollena Aroma Poland) which were previously tested by our group for their antifungal activity [20] . Six of the most effective oils were selected for further analysis of their activity against 18 S. aureus, 8 S. epidermidis and 5 S. xylosus strains recovered from clinical cases of bovine mastitis. The S. aureus isolates were previously investigated in our laboratory, and each of the strains revealed resistance to at least one antibiotic commonly used for the treatment of bovine mastitis [6] . All strains of bacteria (including reference strains) were routinely grown on Mueller-Hinton Agar (MHA) plates and during the assays of susceptibility to essential oils in Mueller-Hinton Broth 2 -cation adjusted (MHB2) -both purchased from Sigma (Sigma-Aldrich Corp., St. Louis, MO, U.S.A.).
Determination of MIC and MBC values for selected oils against reference and clinical strains of bacteria
The investigation of the antimicrobial activity of examined essential oils was determined using a serial, two-fold dilution method in 96-wells microtiter plates under conditions recommended by the Clinical and Laboratory Standards Institute (CLSI). The aim of the method is the determination of the MIC parameter (Minimal Inhibitory Concentration) -the minimal concentration of the tested agent which is able to inhibit the growth of the specifi ed strain of bacteria. The 100 μl of twofold dilutions of tested oils (in the concentration range of 5.0% (v/v) to 0.0097% (v/v)) were carried out in the wells using MHB2 medium. The pure cultures of both reference bacterial strains, and mastitis isolates were grown on the MHA agar for 18 -24 hours at 37 °C. A small amount of the biomass of the culture of each strain of microorganisms was suspended in sterile PBS (phosphate buffered saline, pH 7.4 at 25 °C, purchased from Sigma) solution to get the optical density OD 600 = 0.13 (equal to cell concentration approximately 1 x 10 8 CFU/ml). The obtained suspensions of the cells were next diluted 1:100 (v/v) in the MHB2 medium. A 100 μl of the obtained cells suspension was fi nally loaded into the wells of the plates prepared in advance containing two-fold dilutions of tested oils. The fi nal concentration of the cells in all wells was approximately 5 x 10 5 CFU/ml. The positive growth control of each strain was performed in the wells not containing the tested oils. The negative control containing only the media was included in each assay. Microtiter plates were incubated at 37 ºC for 24 hours. Following the incubation period the determination of the MIC values of the tested agents were carried out by measuring the absorbance at 531 nm using a Victor 3 microplate reader (PerkinElmer, Inc., Waltham, MA, U.S.A.). The lowest concentration of the oil causing inhibition of growth equal or higher than 90 % (MIC90) of growth control was taken as the MIC value. Each test was repeated three times.
The Minimal Bactericidal Concentration (MBC) value was established by sub-culturing a small amount of growing medium from each well of all microtiter plates on Baird Parker agar medium. The transfer of growing medium from the wells was performed using a replica plater. The Petri dishes with inoculated Baird Parker agar were incubated at 37 ºC for 24 hours. The MBC was defi ned as the lowest oil concentration where no bacterial growth was seen on an agar plate. Each test was repeated three times.
Time -kill assay
Sterile MHB2 medium (5 ml) was inoculated with a fresh culture of S. aureus PCM 2051 to the fi nal concentration of the cells of approximately 5 x 10 5 -1 x 10 6 CFU/ ml. The cells were exposed to Thyme or Cinnamon oils at concentrations equal to MIC and 2xMIC. Suspensions of the treated cells were incubated at 37 °C without shaking. At predetermined time points: 0, 2, 4, 8, 24, 48 and 72 hours a 100-μl aliquot was taken from each of the cells suspensions treated with the oils and streaked on Baird Parker agar plates. At time points 2, 4 and 8 hours dilutions of each suspension were prepared in a sterile PBS solution in the range of 10 -1 to 10 -3 and 100-μl aliquots from these dilutions were streaked on the Baird Parker agar plate. The cells' suspension in MHB2 medium not treated with the oils was used as the bacteria growth control. At the same time points a 100-μl aliquot was taken from the control suspension and appropriately diluted in sterile PBS solution. The 100-μl aliquots from 10 -5 to 10
dilutions were streaked on the Baird Parker agar plate. Colony counts were determined after incubation at 37 °C for 24 hours.
RESULTS AND DISCUSSION
The preliminary, screening analysis revealed that six out of 36 investigated oils, namely: Cedar (Juniperus virginiana), Cinnamon (Cinnamomum cassia from bark), Geranium (Pelargonium graveolens), Manuka (Leptospermum scoparium), Patchouli (Pogostemon cablin) and Thyme (Thymus vulgaris) exhibited a promising activity (Tab. 1.). The MIC values for these oils were in the range of concentrations from 0.01% to 2.5% (v/v) against at least one of the tested reference strains of bacteria. S. epidermidis PCM 2118 revealed the highest susceptibility, with MIC values in the range of 0.01 to 0.156% (v/v)) and E. coli K12 was found as most resistant. Manuka, Patchouli and Cedar oils were not able to inhibit the growth of this strain of bacteria in the tested range of concentrations. Geranium oil inhibited the growth of E. coli at a concentration of 1.25% (v/v) and MIC for Thyme and Cinnamon oils was 0.625% (v/v). MBC values for reference strains were not determined. Table 2 . Activity of essential oils against staphylococci isolated from bovine mastitis Finally, the activity of two selected oils: Thyme (found as one of the most active) and Cinnamon (found as one with rather moderate potential) was evaluated with the time -kill assay (Fig.1) . The result proved a considerably higher activity of the oil isolated from T. vulgaris. Already after two hours of incubation no living cells of the reference S. aureus PCM 2051 strain were observed in the suspension containing the oil at a concentration equal to MIC (0.625% (v/v) and 2xMIC (1.25% (v/v) -no colonies were observed on Baird Parker agar plates inoculated with these suspensions (Fig 1) . In the case of Cinnamon oil the number of bacterial cells decreased during the incubation time. However, the decrease of the number of living cells in both suspensions (containing the oil at concentrations equal to MIC or 2xMIC) after two hours of incubation was very low in comparison to the control suspension (not treated with any agent). The complete elimination of living cells from both suspensions containing Cinnamon oil was achieved after eight hours of incubation (Fig 1) . No living cells were detected in all suspensions treated with both oils (at concentrations equal to MIC or 2xMIC) after 24, 48 and 72 hours of incubation (Fig. 1) .
The considerable activity of the oils isolated from T. vulgaris, C. cassia and P. graveolens observed in our research is in agreement with the results presented by other authors. Thyme oil has been shown as effective in the treatment of antibiotic resistant staphylococci [21] and Tohidopour et al. [22] confi rmed its high activity against MRSA isolates. The time -kill assay carried out in our laboratory revealed that ingredients of Thyme oil quickly eliminate staphylococci. However, it should be mentioned that in the case of 21 out of 31 strains tested a shift of MBC in comparison to MIC was observed. Thus it would be rather suggested to use this oil at a concentration at least two times higher than MIC.
High antimicrobial, including anti-staphylococcal, activity of the oil isolated from the bark of C. cassia has been previously revealed by the group of Ooi [23] and cinnamaldehyde was shown as a component crucial for its activity. Recently Melo and coworkers [24] confi rmed the activity of both these oils (Thyme and Cinnamon) used as feed additives. Beside the fact that MIC values for both these products against S. aureus PCM 251 are exactly the same (0.625% (v/v)) the complete eradication of viable cells from the suspensions containing Cinnamon oil at a concentration equal to MIC or 2xMIC required 8 hours of incubation, in comparison to two hours in the case of Thyme oil. Thus, Thyme oil presents a much higher potential from the point of view of its application for treatment of infections or protection of food products.
Using the agar dilution method Bigos and coworkers [25] investigated the activity of Geranium oil obtained from P. graveolens Ait. (family Geraniaceae) against the group of 70 clinical isolates of S. aureus. All of the strains tested -including multidrug resistant strains, MRSA strains and MLS(B) -positive isolates -were found as highly susceptible to the components of this oil with MIC values of 0.25-2.50 μl/ml. High activity of geranium oil against MRSA clinical isolates has been also confi rmed by the group of Doran [26] .
Interestingly, in comparison to Manuka honey, investigation of the antimicrobial effi ciency of oil isolated from Leptospermum scoparium is defi nitely less popular. However, its high antimicrobial activity was described in 1999 by the group of Harkenthal [27] , and Song and coworkers [28] revealed an excellent activity of Manuka oil against 50 Staphylococcus pseudointermedius isolates (39 -methicillin resistant and 11 -methicillin susceptible) from dogs. Recently the group of Fratini [29] found that the most representative compounds in Manuka essential oil are leptospermone (31.65%), cis-calamenene (15.93%) and fl avesone (6.92%), the authors confi rmed also high antistaphylococcal activity of this product against fourteen S. aureus wild strains.
In our study especially high activity revealed Patchouli and Cedar oils obtained from P. cablin and J. virginiana, respectively. Broad antimicrobial, including antistaphylococcal potential of oils isolated from different species of Pogostemon was previously confi rmed by Thoppil and colleagues [30] . Peng and coworkers [31] performed in vivo studies on the antimicrobial activity of pogostone -one of the Patchouli oil compounds. The authors found that 90% of the mice infected with E. coil were protected at the pogostone doses of 50 and 100 mg/kg, and 60% of the mice at 25 mg/kg, while the rate of protection for the mice infected with MRSA was 60% and 50% at doses of 100 and 50 mg/kg, respectively. The group of Bilcu [32] successfully used Patchouli oil for development of nanobiosystems that could be used as coatings for catheter pieces with an improved resistance to S. aureus and Klebsiella pneumoniae clinical strains adherence and biofi lm development. The considerable antibiofi lm activity of Patchouli oil was also observed by Vazquez-Sanchez and coworkers [33] . Surprisingly data concerning antistaphylococcal potential of Cedar oil are limited to date.
The results presented by other authors suggest that some other products from the 36 initially screened oils, e. g. Tea tree oil [34] or Lavender oil [35] should exhibit a high antimicrobial activity, but they were found to be not effi cient in the treatment of staphylococci. This observation can be explained by large differences in chemical compositions (concentration of ingredients responsible for the biological activity) of oils produced from raw materials growing in different geographical areas or different weather or environmental conditions. This phenomenon is an important drawback of essential oils (and other natural products) from the point of view of their application in the treatment or prophylaxis of human and animal infectious diseases.
The results of our research clearly indicate that some essential oils exhibit a promising antimicrobial activity, especially against S. aureus. Previously we have also confi rmed a high antifungal potential of some of these oils. Especially high activity was observed for Lemon, Basil, Thyme, Geranium, Cinnamon and Clove oils [20] . In our opinion, currently the antimicrobial potential of essential oils, but also many other natural products (plant extracts, propolis, honey) is under-utilized and undervalued [16] . There are many possibilities of application of these products in treatment but also, prophylaxis of infections caused by microorganisms. The oils could be more commonly used as components of: wound dressing materials, cosmetics, liquids used for washing injuries or medical devices, food supplements, feeds, but they also could be applied instead of antibiotics for treating less dangerous, not life-threatening diseases (e.g. skin infections). The observed rapidly growing number of antibiotic-resistant strains is mainly a consequence of the abuse of this group of chemotherapeutics. This phenomenon is especially common among staphylococci. In our opinion the main benefi t coming from more widespread using of essential oils would be reduced using of antibiotics. Consequently the development of antibiotic resistance could be partially limited.
CONCLUSIONS
Essential oils have a potential for further development of antibiotic alternatives for treatment of staphylococcal infections and useful tools to enhance food security.
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poseduju najveću aktivnost u odnosu na referentni soj bakterija. Značajan antistafi lokokni potencijal ovih ulja je potvrđen i u testovima u kojima su korišćene grupe bakterije kao što su Staphylococcus aureus (osamnaest), osam Staphylococcus epidermidis i pet Staphylococcus xylosus, koje su izolovane iz uzoraka poreklom od krava sa mastitisom. Naročito je značajna bila aktivnost ulja kedra, pačuli, majčine dušice i manuka. Vrednosti minimalnih inhibitornih koncentracija (MIC) za pačuli ulje bile su u rasponu od 0,01 do 0,313% (v/v). Ostala tri ulja su pokazivala antimikrobnu aktivnostu u koncentracijama od 0,01 do 0,625% (v/v). Ulja koja su izdvojena od Cinnamomum cassia i Pelargonium graveolens, pokazivala su manju ali ipak i dalje značajnu i zadovoljavajuću antimikrobnu aktivnost pri čemu je MIC bila u rasponu od 0,02 do 1,25% (v/v) i od 0,078 do 1,25% (v/v). U većini slučajeva, da bi se dobio baktericidni efekat, bilo je neophodno da se koncentracija ulja neznatno poveća u odnosu na koncentraciju koja je kao efekat imala inhibiciju rasta bakterija. Kinetičke studije baktericidnog efekata u odnosu na vreme delovanja, pokazale su da je baktericidni efekat postignut posle inkubacije referentnog soja S. aureus (PCM 5021) sa uljem majčine dušice, u koncentraciji dvostruko većoj u odnosu na MIC (2xMIC tj. 1,25% v/v) ili MIC (0,625% v/v). Neznatno slabija aktivnost je bila u slučaju cimetovog ulja kada je baktericidni efekat uočen posle inkubacije u trajanju od 8 sati. Rezultati jasno ukazuju da neka eterična ulja imaju antimikrobna svojstva i da mogu da se koriste kao alternativa ostalim antistafi lokoknim preparatima.
